I. Introduction
During aircraft design and certification many thousands of dynamic responses due to atmospheric turbulence need to be investigated, and thus efficient and reliable tools are required. Since the vast majority of commercial aircraft operate at transonic cruise speeds, these tools should be able to account for aerodynamic non-linearities, such as recompression shocks and boundary layer separation, to predict airframe loads accurately. Linear poten-tial flow equations, mostly the doublet lattice method [1] , are current industrial practice and predict unsteady aerodynamic loads uncoupled from the steady flow field. Dynamic responses due to gust excitation are analysed using a frequency-domain sampling process and afterwards projecting the obtained surface forces onto the structural modes. While offering fast and robust dynamic response predictions, aforementioned aerodynamic non-linearities are neglected. Thus, especially at transonic flow conditions, linear potential methods are not predicting loads conservatively, which either requires correction techniques or more accurate simulation tools to be applied.
Computational fluid dynamics (CFD) is offering more accurate results at non-linear conditions and, with increasing computational resources, has become a feasible alternative. Gust response simulations of large aircraft configurations have been accomplished solving the governing equations in an unsteady time-marching approach [2] . However, due to overwhelming Time-linearised methods were initially applied in the field of turbomachinery to model oscillatory blade motion inside a cascade [3, 4, 5] . The Euler equations are linearised around a non-linear steady-state solution assuming small amplitude harmonic motion. The first harmonic of the perturbation is compared with unsteady time-marching approaches [6, 7] ,
showing excellent agreement at several orders of magnitude reduced computational cost. Results for external flows are presented for an aerofoil undergoing forced-motion excitation [8] .
Forced-motion responses are also published for an aerofoil, a wing and an aircraft in [9] , while a delta wing is discussed in [10] analysing small harmonic oscillations of elastic modes and control surfaces. A significant speed-up compared with the unsteady non-linear Euler equations solved in a time-marching approach is reported throughout.
Initial work solving the Reynolds-averaged Navier-Stokes (RANS) equations has again been published in the field of turbomachinery [11] , showing good agreement between numerical simulations and experimental data for stall flutter including large separation in a blade cascade. Analysing forced-motion responses for external flows, time-saving factors between one and two orders magnitude have been reported for aerofoils and wings [12, 13, 14] . A similar decrease in cost was also demonstrated for a full civil aircraft at cruise conditions [15] . 
Independently
where w denotes the vector of conservative variables, R is the non-linear residual corresponding to the unknowns and v g indicates external disturbances due to various gusts.
The difference between the vector of conservative variables w and an equilibrium solution w 0 is introduced as
and accordingly for external disturbances ∆v g = v g − v g0 . Assuming small perturbations, a first-order Taylor expansion is applied around the equilibrium point
where
∂R ∂w
describes the Jacobian matrix with respect to all fluid unknowns and 
whereẋ describes the artificial mesh velocities applied to model the gust during the CFD calculation using the field velocity method [20] . Since the relation between gust disturbance v g and artificial mesh velocityẋ is simplẏ
the right-hand side term can be written as
A finite-difference evaluation
with a known gust shape vectorv g and ε as the finite-difference step size is used to solve Eq. (7) without computing the matrix explicitly. The cost of two additional Furthermore, an analytical description of the gust vector is introduced aŝ 
III. Aerofoil Results
Results are presented for a NACA0012 aerofoil using a mesh consisting of 70,000 In terms of computational cost the frequency-domain solve is between one to two orders of magnitude faster than the corresponding non-linear time-marching solution for both attached-flow cases. While unsteady time-marching simulations are highly affected by the investigated flow topology, resulting in increased computational cost at severe flow conditions, the frequency-domain approach is much less sensitive provided a robust linear solver is applied. Indeed, even higher time-saving factors are achieved for case 3.
The amplitude of the lift coefficient, normalised using the linearised response and considering the first harmonic only for TD data, over gust amplitude is shown in Fig. 6 . Naturally, a constant line is obtained from the LFD approach whereas non-linear time-marching solutions start to differ with increasing gust amplitude. These differences are a measure of non-linearity induced by the increased amplitude. For all cases, results coincide for very small gust amplitudes, demonstrating that the linearised method is capable of fully reproducing dynamically linear responses. With increasing amplitude of gust excitation, the resulting magnitude of the lift coefficient decreases in cases 1 and 3, while for the transonic attached-flow case no significant drop is observed. Once amplitudes are high enough to cause either significant shock movement or separation, the unsteady lift increases extensively in 
IV. Large Civil Aircraft Results
The final presented test case is a large civil aircraft. The computational mesh consists Investigating the same reduced frequency as before, the influence of the finite-difference step size ε when forming the right-hand side in Eq. (8) is analysed. Figure 11 shows the magnitudes of lift and pitching moment coefficients, normalised to converge towards one, for a range of finite-difference step sizes. Results independent of the step size are obtained below 10 −3 for both coefficients, while larger values result in increasing magnitudes with a higher impact on the moment. A value of 10 −4 is applied throughout in the following discussion to ensure step-size independent results.
Comparing frequency response functions of lift and pitching moment coefficients, the quality of the presented method is shown at several reduced frequencies for the complex three-dimensional test case. Similar to the aerofoil test cases, a gust pulse excitation is used and imposing stricter unsteady convergence criteria, also these minor differences disappear. Computational cost is presented for the two simulated approaches in Tab 
V. Conclusion
A method is presented to efficiently compute the aerodynamic response of a rigid aircraft structure due to gust encounter. The Reynolds-averaged Navier-Stokes equations are first 
